[1] Seismic refraction studies of deep-crustal and upper mantle structure beneath some oceanic hotspot provinces reveal the presence of ultramafic bodies with P-wave velocities of Vp~7.4-8.0 km/s lying at or above the Moho, e.g., Hawaii, the Marquesas, and La Reunion. However, at other hotspot provinces such as the Galapagos, Nazca Ridge, and Louisville the lower crust is intruded by large volumes of gabbroic (mafic) rocks (Vp~6.8-7.5 km/s). Ultramafic primary melts formed beneath mature oceanic lithosphere at pressures of~2-3 GPa (60-90 km depth), and ponded at the Moho due to their relatively high density, can explain the observed ultramafic deep-crustal bodies. By contrast, plume melts formed at depths of 15-30 km beneath thin lithosphere crystallize assemblages that are more gabbroic. The velocity and density gradient is particularly strong in the pressure range 0.6-1.5 GPa due to the replacement of plagioclase by olivine as melts become more MgO-rich with increasing pressure (and degree) of melting. This anomalous density gradient suggests a possible filtering effect whereby plume melts equilibrated at relatively shallow depths beneath very young and thin oceanic lithosphere may be expected to be of nearly gabbroic (mafic) composition (~6-10% MgO), whereas ultramafic melts (MgO~12-20%) formed beneath older, thicker oceanic lithosphere must pond and undergo extensive olivine and clinopyroxene fractionation before evolving residual magmas of basaltic composition sufficiently buoyant to be erupted at the surface. A survey of well-studied hotspot provinces of highly-varying lithospheric age at the time of emplacement shows that deep-crustal and upper mantle seismic refraction data are consistent with this hypothesis. These results highlight the importance of large-volume intrusive processes in the evolution of hotspot magmas, with intrusive volumes being significantly larger than those of the erupted lavas in most cases. Pyrolite melting can account, to first order, for the total crustal column of magmatic products, whereas alternative models such as selective melting of pyroxenite blobs probably cannot.
Index Terms: 7220 Seismology: Oceanic crust; 8137 Tectonophysics: Hotspots, large igneous provinces, and flood basalt volcanism; 8415 Volcanology: Intra-plate processes (1033, 3615).
Introduction
[2] Seismic imaging of deep crustal structure beneath volcanic edifices and ridges associated with active hotspots such as Hawaii, Marquesas, and Reunion reveal the presence of large bodies of material at the base of the crust with P-wave velocities intermediate between normal oceanic lower crustal values and typical mantle values (7.5-8.0 km/s) Caress et al., 1995; Charvis et al., 1999] . These bodies are often referred to in terms of ultramafic magmatic "underplating", indicating that they are presumed to contain greater proportions of olivine and pyroxene than normal lower-crustal (gabbroic) rocks in the oceanic crust. The volumes of these ultramafic bodies may be comparable to or greater than the volume of basaltic/gabbroic rocks added to the crust by hotspot activity. Because they occur on otherwise normal oceanic crust and lithosphere, these seismic structures should be diagnostic of the petrological processes associated with hotspot volcanism.
[3] Large-volume ultramafic structures have also been imaged beneath a number of large igneous provinces (LIPs), especially oceanic plateaus such as Ontong-Java, Kerguelen, Agulhas, Manihiki, and Shatsky [Ridley and Richards, 2010] . In a previous paper [Farnetani et al., 1996] , we modeled these structures as intrusive complexes of ultramafic primary melt, gravitationally trapped at the Moho, with perhaps the largest volume fraction representing olivine and clinopyroxene cumulates left behind by cooling and fractionation of the primary mantle melts. Figure 1 , adapted from Farnetani et al. [1996] , illustrates these concepts in relation to the formation of large oceanic plateaus due to the impingement of a mantle plume head upon the oceanic lithosphere. [4] In this interpretation, the residual melts evolve toward more silicic, lower-density compositions via cooling and crystal fractionation, giving rise to further gabbroic intrusion of the upper crust and basalt extrusion at the surface. This model is valid for melts formed at >10-20 kbars pressure (30-60 km depth), because the mafic content of partial melts derived from mantle pyrolite is known to increase strongly with pressure [Hirose and Kushiro, 1993] . Such conditions are obtained for partial melting of hot mantle plume material beneath mature oceanic lithosphere, e.g., the Hawaiian plume undergoing partial melting beneath~75 Ma age oceanic lithosphere. The mafic contents of magmas also increase with the degree (or temperature) of melting, so that hotter plumes are correspondingly expected to generate more mafic melts.
[5] In this context one might then view each of the hotspot provinces as elegant natural petrological experiments, in which the remnant seismic crustal structures record the various magmatic products whose volume, composition, and evolution are influenced by a number of factors such as the pressure and temperature of melting, initial thickness, composition, state of stress, and density of the crust, initial age of the lithosphere, and the rate of overlying plate motion. Indeed, results from recent high-quality seismic refraction surveys of a number of hotspot provinces reveal widely differing deep crustal seismic structures, e.g., the large ultramafic bodies underlying Hawaii and the Marquesas [Ten Brink and Brocher, 1987; Caress et al., 1995] vs. the thick but seismically-normal (gabbroic) crust underlying the Cocos Ridge (Galapagos hotspot track) and Iceland [Sallares et al., 2003; Korenaga et al., 2000] . In this regard, recent imaging of the Louisville Ridge hotspot track suggests unusual deep and shallow crustal intrusive activity that contrasts markedly with all other hotspots imaged so far.
[6] The diversity of deep crustal structures imaged seismically along active hotspot tracks is illustrated in Figure 2 , which shows seismic velocity crosssections derived from wide-angle refraction studies of structure beneath Hawaii, the Marquesas, Louisville Seamount, and the Cocos Ridge (Galapagos hotspot track). Hawaii and the Marquesas both formed on mature oceanic lithosphere, producing conspicuous low-velocity uppermost mantle structures that have been interpreted as ultramafic underplating Caress et al., 1995] . In contrast, the greatly thickened crust underlying the Cocos Ridge, which was produced by the Galapagos plume on effectively zero-age lithosphere at an active spreading center, exhibits seismic velocities consistent with a gabbroic composition to depths as large as~20 km [Sallares et al., 2003] . The case of Louisville Seamount, also emplaced on young (<~10 Ma crust) offers yet another contrast, in that the crust is hardly overthickened at all, and the largely gabbroic intrusions inferred from detailed seismic imaging fill the lower crust and rise to relatively shallow levels within the seamount itself . Figure 3 from Contreras-Reyes et al. [2010] gives a more detailed interpretation of this enigmatic case, in terms of P-wave velocity, density structure inferred from simultaneous modeling of seismic structure, gravity, and bathymetry, and a schematic petrological interpretation. We note the presence of a relatively small amount of high-velocity (~7.5 km/s) intrusive material, likely somewhat more mafic than normal gabbro, immediately underlying the Louisville volcano. There are many other examples of imaged crustal structures beneath active hotspot provinces, summarized in Table 2 , which we will review later. [7] In this paper, we seek to explore whether it is possible to discern a consistent influence of the depth of melting (lithospheric age) on the generation of ultramafic intrusive bodies beneath hotspot volcanoes. We use the petrologic modeling codes pMELTS [Ghiorso et al., 2002] and HeFESTo Lithgow-Bertelloni, 2005, 2011] to map the influence of depth of melting (pressure) and temperature on the seismic velocities and densities of mantle primary melts and their crystallized products. We then survey deep crustal seismic structures imaged beneath many hotspots over the past several decades, with a focus on the age of the ambient lithosphere at the time of hotspot magmatism, and with a view to discerning the effects of the depth of melting upon the petrological evolution of hotspot magmas. The evidence surveyed appears consistent with the idea that deeper, perhaps hotter, melting beneath older (thicker) lithosphere results in more conspicuous ultramafic intrusive/cumulate bodies formed at Moho depths beneath hotspot volcanoes.
Theoretical Models for Sublithospheric
Melting and Crystallization Products 2.1. Conceptual Model [8] Figure 1 gives a conceptual framework for mantle melting, crustal intrusion, and surface eruption due to a mantle plume impinging on mature oceanic lithosphere. A lenticular-shaped melting region forms beneath the lithosphere due to decompression melting of hot, rising plume material. Where sufficiently high melt fractions are obtained, this buoyant primary magma migrates upward via porous flow and/or veining through the overlying lithosphere. Upon encountering the Moho, this magma may become neutrally buoyant (depending upon its composition) and pond as Figure 1 . Conceptual model followed in this paper for sublithospheric mantle plume melting, melt migration through the mantle lithosphere, ponding and fractionation of melt at Moho depths (ultramafic), crustal intrusion (mafic), and basalt eruptions (adapted from Farnetani et al. [1996] ). a gravity current (sill) at the crust-mantle boundary. This ponding is due to the relatively large density contrast between normal overlying oceanic crust of gabbroic composition and normal oceanic mantle. As will be seen in the following sections, for melts produced beneath mature oceanic lithosphere, the primary melts are ultramafic (~15-22% MgO) whose crystallized densities are intermediate between normal mantle and crust values. Figure 2 . Schematic P-wave velocity sections adapted from wide-angle marine refraction studies for Hawaii , the Marquesas , the Cocos Ridge (Galapagos hotspot) [Sallares et al., 2003] , and Louisville Seamount .
[9] For the purposes of this paper we make the crude assumptions that (1) magma leaves the mantle as a "batch" melt, and (2) it rises adiabatically to the Moho. The batch melting assumption is mainly one of convenience, and is contrasted with example results from fractional melting models ( Figure 8 ). In essence, we are assuming that the melt stays in equilibrium with its parent rock (restite), and is then instantaneously removed completely via upward migration. The assumption of adiabatic rise implies that there is no significant interaction, either chemically or thermally, with the intervening lithosphere as the magma rises to the Moho. Although both assumptions are crude, they are commonly employed in modeling hotspot and mid-ocean ridge magmatism, and suffice to illustrate the basic petrological processes of interest.
[10] In a recent paper [Karlstrom and Richards, 2011] , we have considered the physics of the formation of large magma chambers at the Moho associated with the emplacement of large igneous provinces. Similar processes are invoked here, except that we are interested more in mantle plumes that supply a "steady" source of melt along a hotspot track rather than plume heads generating giant initial eruptions, or flood basalt events. One conclusion of the Karlstrom and Richards study was that these large magma chambers may lead to eruption cycles of duration only~1 million years, due to the onset of thermally-activated creep and the consequent shutdown of fracturing processes (dike formation) that are required for surface eruptions. Another finding was that heat loss from these magma chambers and consequent crystal fractionation likely occur rapidly enough to keep up with primary magma injection from the sublithospheric mantle. In other words, the timescale for fractional crystallization is likely short compared to other controls on intrusive/ eruptive processes.
[11] Following these basic notions, it is clear that magmas which are initially neutrally-buoyant at the Moho must undergo extensive crystal fractionation of dense (Fe-and Mg-rich) mineral species, in order to become sufficiently buoyant to intrude to shallower levels within and ultimately erupt through the overlying oceanic crust. This process and its consequences for lower-crustal seismic structure beneath hotspot volcanoes is the main focus of this paper.
[12] Referring again to Figure 1 , as fractionation of primary magma occurs at the Moho, relatively buoyant mafic magmas rise through the crust forming systems of dikes and sills, ultimately feeding basaltic eruptions at the surface. In this paper we greatly simplify our approach to these processes, and focus on how the composition, density, and seismic velocity of primary melts arriving at the Moho depend upon the depth and temperature of melting in the mantle. The reason for this focus is to aid the interpretation of seismic images of ultramafic bodies (or lack thereof) in the lowermost crust. Figure 4 illustrates the end-member cases to which we refer: deep melting of a hot plume beneath old, thick lithosphere, and shallow melting of a cooler plume beneath young, thin lithosphere. Although seismic imaging may indicate the presence or absence of mafic bodies at shallower levels, the more robust and diagnostic observations are those of deep crustal structures whose seismic velocities are clearly intermediate between normal oceanic crust and mantle, and are therefore less ambiguous in terms of their petrological significance.
[13] In the modeling presented in the next section, we use pMELTS to model the composition of magmas produced by melting of the mantle at various depths and pressures relevant to hotspot magmatism. After obtaining the melt composition we compute the physical properties (density, bulk and shear moduli) of the equivalent frozen material using HeFESTo, a thermodynamic method for calculating phase equilibria and physical properties self-consistently at any pressure and temperature for any composition described by six major oxides (SiO 2 , MgO, Al 2 O 3 , Na 2 O, CaO and FeO). This approach allows us to compute the maximum densities and velocities of unfractionated melt upon crystallization at the Moho, and hence an assessment of whether these melt products would be neutrally-buoyant, and what seismic velocities might result. It is important to emphasize that these are indeed minimum density and velocity estimates, as they do not account for subsequent removal of a less dense, lower velocity, gabbroic component to feed shallower intrusions and eruptions.
Modeling Mantle Melt Compositions
[14] We take a standard approach to modeling the composition of melt produced by batch melting of the mantle in the pressure and temperature ranges of interest. We begin with the standard fertile mantle peridotite composition known as "MM3", which was synthesized for the experiments on mantle melting undertaken by Baker and Stolper [1994] . The component oxides of this model mantle material are given in Table 1 , where only the limited set of cation species used in our theoretical models are listed.
[15] To model the melting of MM3 we use the thermodynamic code pMELTS (Ghiorso et al. [2002] ; see http://melts.ofm-research.org/], an improved version of the code MELTS [Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998 ]) that includes a much larger experimental database on the thermodynamic equilibrium of silicate systems, and is therefore able to more accurately model the behavior of these systems at pressures as high as 3.5 GPa.
[16] Starting with the MM3 composition, we perform a series of simple theoretical calculations: At a given constant pressure, we begin at a temperature just above the liquidus (100% melt fraction) and cool MM3 through a series of temperature steps, typically about 5-10 C each, until the limit of accuracy for pMELTS is approached at about 2% melt fraction. At each temperature step pMELTS provides the oxide composition of the melt and solid residuum in equilibrium, i.e., "batch" melts and residuum compositions at a given temperature and pressure. This procedure results in a "map" of equilibrium partial melt component oxide concentrations over the pressure range 0.5-3.5 GPa, and over a range of mantle "potential" temperatures [McKenzie, 1984] of~1500-2000 K. (At any given pressure the temperature range for melt fractions~0-30% is only of order~200 C.) [17] Figure 5a represents this melt composition mapping in terms of MgO and FeO contents as functions of temperature and degree of melting, with each vertical line of dots corresponding to the temperature steps taken within pMELTS at a given pressure. We choose to represent these theoretical calculations in terms of MgO and FeO concentrations because these oxides are important in controlling the resultant seismic velocity and density variations upon crystallization.
[18] Despite the presence of many complicated phase relationships over the temperature and pressure ranges considered, we note the overall simplicity and smoothness of the MgO and FeO variations in Figure 5a . MgO increases monotonically with pressure and melt fraction from values of 8-12% consistent with gabbroic/basaltic compositions at the lowest pressures, to values >15% at pressures >2.0 GPa, corresponding to melting depths beneath mature oceanic lithosphere. This increase in MgO with melting pressure and melt fraction is the most important driver of seismic velocity and density changes in the crystallized melt.
[19] FeO content in the melt also increases monotonically with pressure, but decreases with the degree of melting for pressures less than about 2.0 GPa, in contrast to the behavior of MgO. A plausible explanation for this effect can be inferred from a study of Figure 1 of Asimow et al. [2001] . These authors performed some of the first thermodynamic melting calculations on a peridotite composition (reported in Hart and Zindler [1986] ) using MELTS, the predecessor to pMELTS. Their figure represents a theoretical phase diagram for melt generation to a pressure of 4 GPa. The relevant result from their analysis is that the spacing of calculated melt-fraction isopleths clearly indicates a minimum solidus temperature around 1 GPa. Bulk composition MM3 used in this study with pMELTS translates this minimum to slightly higher pressures. The minimum is characterized by a wide interval of low melt-fraction melting, and since at low-P Fe (along with Ti and Na and all the other incompatibles) is always partitioned preferentially over Mg into the liquids, the liquid will have elevated Fe/Mg ratios. The more protracted the interval of melting, the more likely the initial melts will be Fe-rich. The underlying cause for this solidus minimum is that the clinopyroxene (which is largely the phase that is melting first) is enriched in Na at pressures above the plagioclase/spinel transition, it being the only major solid phase in the assemblage that readily accommodates the element. Incorporation of Na lowers the stability of clinopyroxene relative to the liquid and hence lowers the solidus temperature. As pressure increases above the minimum melting interval however, the stoichiometry of the melting reaction changes, raising the solidus temperature; since the partial molar volume of Na 2 O is higher in the liquid than in the pyroxene, at higher pressures, soda is held in the clinopyroxene preferentially to the liquid and this raises the melting temperature, narrows the melt fraction isopleth spacing, and alters the initial melt composition to be less exotic (less Fe, Ti, Na rich). This effect has been shown experimentally (see Asimow et al. [2001] for a discussion).
Further increase in pressure diminishes the amount of clinopyroxene in the source assemblage in preference to orthopyroxene, particularly so once garnet is stabilized. [20] Given that the lowest pressure melts represented in Figure 5a have roughly a basaltic composition (the basic premise of the MM3 composition itself), and given that both density and seismic velocity tend to increase with the MgO and FeO contents of a given silicate liquid/solid composition, these results emphasize the well-known fact that higher pressure melts will crystallize to form mineral assemblages that are of higher density and seismic velocity than gabbros. In the next section we quantify this general statement for the "batch" melt compositions represented in Figure 5a .
Modeling Primary Melt Crystallization Products
[21] Following our overall conceptual model, we now seek to estimate the densities and seismic velocities of melts that rise to the crust/mantle interface (or above) and crystallize in place. This will allow us to compare the results of petrological modeling to seismological observations, and also to estimate the buoyancy of the crystallized melts relative to the crust and mantle, and hence their likely levels of neutral buoyancy. The pMELTS code does not provide this capability, and instead we rely upon HeFESTo.
[22] HeFESTo, is a thermodynamic, petrologic formalism Lithgow-Bertelloni, 2005, 2011] , which enables self-consistent computations of physical properties, phase equilibria, and mantle isentropes. This model uses the concept of fundamental thermodynamic relations [Callen, 1960] and Legendre transformations to capture complete information of all equilibrium states in a single functional form. Generalization of the usual isotropic thermodynamics to conditions of anisotropic stress and strain permit self-consistent computation of the full elastic constant tensor, including the bulk and shear moduli, and therefore the longitudinal and shear seismic wave velocities, VP and VS, respectively. Our calculations consist of three steps. We compute: (1) the equilibrium phase assemblage: the amounts and compositions of coexisting phases by minimizing the Gibbs free energy with respect to the amounts of species at fixed temperature, pressure, and bulk composition, (2) the physical properties of individual phases in the equilibrium assemblage via stress and temperature derivatives of the Gibbs free energy, and (3) the elastic properties of the assemblage as the Voigt-Reuss-Hill average [Watt et al., 1976] .
[23] Figure 5b gives the results of this thermodynamic modeling of solid phase equilibria for the melt compositions derived from pMELTS, as represented in terms of MgO and FeO contents in Figure 5a . For each melt composition, solid phase equilibrium is calculated at a pressure of 0.3 GPa and a temperature of 800 C, corresponding roughly to the depth of the oceanic Moho, or slightly deeper, where we expect ultramafic magmas to pond, fractionate, and crystallize. As expected, Figure 5b shows a general increase in seismic velocities and density with pressure of melting (more properly, "last pressure of equilibration" for the melts), although the trends are more complicated than for the MgO and FeO contents alone, due to the appearance of different individual mineral species depending upon composition.
[24] Particularly noteworthy in Figure 5b is that in the pressure range~0.7-1.5 GPa there is a strong increase in density and velocity at modest melt fractions (<15%), suggesting a strong density filter effect with respect to melting pressure. The reason for this rapid increase is understood straightforwardly in terms of the relation between plagioclase and clinopyroxene/olivine in the crystallized mineral assemblage. Because MgO increases monotonically with pressure of melting (Figure 5a ), plagioclase feldspar goes from being the most abundant phase at low pressure to being virtually extinct for melting pressures exceeding about 1.5 GPa. This relationship is illustrated in Figure 6 showing the abundances of major mineral phases in the crystallized melt at Moho depths vs. the pressure of melting for total melt fractions of 10%. The replacement of plagioclase by clinopyroxene and olivine occurs during crystallization mainly over the depth range 0.7-1.5 GPa. Because clinopyroxene and olivine have much higher acoustic velocities and density than plagioclase, (10% melt fraction) these properties increase rapidly over the same melting pressure range (Figure 5b ). [25] This "phase-aggregate" increase in seismic velocities and density in the restricted range~0.7-1.5 GPa may have important implications for the behavior of mantle melts derived from different depths of melting. Mantle plumes melting beneath young oceanic lithosphere less than~20 km thick (~0.8 GPa) will produce magmas that are much more buoyant than for the case of more mature oceanic lithosphere >45 km thick (>1.5 GPa). To be more specific, plume melts from beneath young lithosphere result in crystallized primary melts with densities of order~2.8-2.9 kg/m 3 , comparable to that of gabbros, whereas melts from beneath older lithosphere will result in crystallized densities of >3.0 kg/m 3 , which will be trapped between normal gabbroic oceanic lower crust and mantle of densitỹ 3.4 kg/m 3 . Thus the former magmas may intrude to form thick crust that is seismically almost indistinguishable from normal lower oceanic crust, whereas the latter may form ultramafic cumulate bodies at the crust/mantle interface. This observation has important implications for the interpretation of deep crustal seismic structure beneath hotspot provinces.
Interpreting Seismic Imaging of Deep Crustal Structure at Active Hotspot Tracks
[26] The seismic velocity and density models are represented as contour maps in Figures 7a and 7b , which allow us to suggest the regimes in which the differing crustal sections of Figure 2 may have formed. Again, the basic trends are evident in Figure 7 for increasing density and seismic velocity with increasing pressure and temperature (the latter coupled to degree of melting). A conspicuous feature of Figure 7 is the relatively high sensitivity of velocity and density to increases in pressure compared to increases in temperature through the P-T ranges under consideration. In order to produce magmas that could account for the large volume of ultramafic material underlying Hawaii and the Marquesas (Figure 2) , pressures of order 20 kbars and potential temperatures of order >100 C greater than the solidus are required. At the other extreme, production of an anomalously large volume of gabbroic crust at an on-ridge hotspot such as formed the Cocos Ridge (Galapagos hotspot) is consistent with relatively shallow melting and, presumably, relatively modest excess potential temperatures.
[27] A great deal of high-quality seismic refraction work has been done on oceanic hotspot provinces since the publication of Farnetani et al.'s [1996] hypothesis regarding the origin of ultramafic complexes underlying oceanic plateaus. In Table 2 we present a summary of relevant results from 12 of these hotspot provinces, noting the estimated plate age at the time of hotspot activity, the lowermost crustal P-wave velocity, and the presence or absence of ultramafic subcrustal bodies as inferred by the authors (or by us where no inference was drawn). The references for these seismic studies are also listed in Table 2 . The provinces listed in Table 2 are organized in order of increasing plate age. Of the first eight provinces, all with inferred ambient plate ages >50 Ma, six show clear seismic evidence for large volumes of underlying ultramafic crustal material lying at the Moho, often described in the literature as "underplating," although we prefer the terms "sill" or "cumulate body" in our interpretation. The Tenerife and Cape Verde provinces appear to lack sufficient seismic resolution beneath the Moho to draw any clear conclusion about the presence or absence of underlying ultramafic bodies Wilson et al., 2010] . It is worth noting that our seismic interpretation is based mainly on seismic velocities and the existence of Moho reflections where they exist. Some seismic experiments recorded reflections from both the prehotspot Moho (PmP) and base of the underplated body or posthotspot Moho reflections, providing better evidence for the presence of underlying ultramafic bodies Grevemeyer et al., 2001] . The lack of posthotspot Moho reflections [e.g., Watts et al., 1997; Contreras-Reyes et al., 2010] can be interpreted as an indicator of absence of underlying ultramafic bodies.
[28] Four of the remaining five hotspot provinces emplaced upon younger oceanic lithosphere show no clear evidence for ultramafic bodies at the Moho (Louisville, Josephine Seamount, Galapagos, and Iceland). Iceland, with crustal thickness estimates as high as 46 km [Darbyshire et al., 1998; Allen et al., 2002] , is a particularly interesting example, and it is possible that there might be an even deeper body of high-velocity lower crustal cumulate material (R. A. Allen, 2011, personal communication) . Iceland, as well as thickened crust at other hotspots, may also be complicated by outward-directed flow of the lower crust [Jones and Maclennan, 2005] . The fifth young province, the Ninetyeast Ridge (Kerguelen hotspot), shows clear evidence for large volumes of ultramafic material overlying the Moho at 17 S latitude [Grevemeyer et al., 2001] . In this case, the constraints on the age of the lithosphere at the time of the emplacement of the Ninetyeast Ridge are weak [Royer et al., 1991] , but a reasonable inferred age is~20 Ma. Although this is a relatively "young" lithospheric age, the inferred thermal thickness of the lithosphere is still of order 40-60 km, and thus final equilibration pressures for sublithospheric melting will exceed thẽ 1.5 GPa threshold for melts that will be neutrally buoyant at the oceanic Moho (see Figures 5b and  7) . The Nazca Ridge presents a very thick lower crust of 10 km thickness composed of gabbroic rocks and the possible presence of intrusions in the lowermost crust with seismic velocities falling in the range 6.7-7.5 km/s [Hampel et al., 2004] . This oceanic ridge was formed at the Easter Island hotspot on the Pacific-Farallon/Nazca spreading center [Pilger, 1984] .
[29] A recent seismic survey was conducted along the Marcus-Wake seamount chain [Kaneda et al., 2010] , where its associated volcanic edifice was emplaced on a super plume environment in the northwest Pacific basin. Their main results are high-velocity, intrusive cores at shallow depths and low upper mantle velocities (7.5-8.0 km/s). The authors did not attribute low upper mantle velocities to ultramafic bodies at the Moho, but instead they interpreted these features as sill-like intrusion of rising fractionated magma from the mantle [Farnetani et al., 1996] . In addition, high-velocity structures at seamount centers (>6.0 km/s), usually interpreted as intrusive cores, have been found in La Reunion Charvis et al., 1999] , Great Meteor Seamount [Weigel and Grevemeyer, 1999] , Hawaii [Zucca et al., 1982] , and Louisville .
[30] Summarizing the results of 
Discussion
[31] Other authors have used petrological models to explain the deep crustal structure of hotspot provinces formed in near-ridge environments, e.g., the Iceland/North Atlantic system [Korenaga et al., 2002] and the Galapagos/Cocos Ridge system [Sallares et al., 2005] . Their interpretations of crustal structure are consistent with the models we have presented here, and our work extends this type of analysis to hotspots that occur on more mature oceanic lithosphere and involve greater effective melting pressures, emphasizing the role of crystal fractionation in forming high-velocity bodies at the crust-mantle interface.
[32] Large high-velocity bodies in the deep crust have also been known for some time to occur beneath large igneous provinces (LIPs) [e.g., Furumoto et al., 1976; White et al, 1987] that occur at the initiation of hotspots [Richards et al., 1989; Coffin et al., 2006] . White et al. [2008] imaged large volumes of mafic intrusions, as opposed to sub-Moho "underplating," at the Faroe and Hatton Bank volcanic margins (ocean-continent transition) in the North Atlantic [Ridley and Richards, 2010] , and found extensive evidence for large-volume ultramafic bodies emplaced at Moho depths beneath most oceanic LIPs, consistent overall with the models of Farnetani et al. [1996] for the enormous Ontong-Java Plateau and of Korenaga et al. [2005] for the North Atlantic province [33] Various geochemical data can be used to infer variations in melting depth, e.g., inversion of trace and rare earth element abundances [McKenzie and O'Nions, 1991] . Ellam [1992] found that Ce/Y and Ce/Yb ratios increased systematically with increasing lithospheric age (thickness) for oceanic hotspot provinces, indicating a corresponding increase in melting depth that is consistent with our results. Fram and Lesher [1993] studied both major-and trace-element variations in the North Atlantic tertiary province, and inferred decreasing melting depth as the continental lithosphere thinned progressively with the opening of the ocean basin.
Although not attempted here, a more comprehensive study of combined geochemical and seismological constraints involving both major and minor element behavior would seem a promising avenue for further work.
[34] The data from seismic surveys in Table 2 are consistent with the hypothesis of melting-depth as a control on the formation of ultramafic bodies at the Moho beneath hotspot volcanoes. However, the models we have developed remain crude, and largely petrological, in nature. We believe we have made a strong plausibility argument, but models that connect the movement and evolution of melt thermodynamically with mantle convection and melt extraction/migration processes are obviously needed to provide a more sophisticated interpretation of the seismic data and their relation to volcanic products at the surface.
[35] A first-order improvement to our work would be incorporation of the pMELTS petrological model into a thermal convection model for mantle plume melting beneath the lithosphere, as done for Hawaii by Watson and McKenzie [1991] Brink [1989] .
[36] An even greater limitation of most published models for hotspot melting is the assumption of batch melting. Therefore, a zeroeth-order modeling consideration is that of fractional melt extraction. Figure 8 shows results from a simple experiment on batch vs. fractional melting using pMELTS:
We compute fractional and batch melting results beginning with a common P,T condition for the onset of partial melting at 20 kbars. For batch melting, we proceed to reduce the pressure and compute the melt products in equilibrium with the residuum as before. For fractional melting, we reduce the pressure by steps of 2 kbars at a time, extracting the melt at each step and "storing" it to keep track of the average melt composition as pressure is reduced to 10 Kbars. Figure 8 shows the MgO weight fraction in the melt for both experiments as a result of the final pressure. Fractional melting has a modest effect upon the major-element composition of the average melt products, i.e., up to a maximum 15% increase in MgO in the melt. This increase, of course, leads to further reduction in the fraction of plagioclase present in the final crystallized melt product at Moho pressures, and thus only
Comparison of adiabatic batch and fractional melting paths Figure 8 . Comparison of MgO content of residual melt as a function of melting pressure (vertical axis) for adiabatic batch and fractional melting experiments using pMELTS, starting from a common initial state that just encounters the solidus (initial melting) at 20 kbars. For the fractional melting curve, melt is "removed" at 2 kbar intervals and "stored" to compute a running average composition for total melt extracted as a function of pressure.
strengthens the density filter effect that stands at the core of our overall hypothesis. [37] We have assumed a canonical pyrolite composition for the major element composition of the mantle, which strongly determines the outcomes of the thermodynamic experiments represented in Figures 5-8 . Alternative models for mantle plume melting to produce hotspots include melting of trace-element-enriched pyroxenite blobs embedded in more pyrolitic mantle [e.g., Mahoney, 2005a, 2005b; Sobolev et al., 2007; Bianco et al., 2011] . An advantage of such a model is that it might explain the distinct trace-element and isotopic signatures of some hotspots without invoking physically distinct geochemical reservoirs in the mantle. Instead, the pyroxenite blobs are considered to be mechanically-mixed into an ambient depleted mantle, and are able to undergo partial melting at higher (sublithospheric) pressures, thus dominating the trace element signatures of hotspot lavas. Aside from the problem of maintaining chemical disequilibrium between this enriched partial melt and the ambient mantle through which it must migrate upward before being emplaced in the crust, the seismic results we have summarized here point to another problem with this type of model: Partial melting of pyroxenite cannot account for primary magmas with FeO and MgO contents that are sufficiently high to explain Moho-level ultramafic intrusive bodies whose volumes are comparable to or greater than those of the erupted basalts and intruded midcrustal gabbros. (The deep instrusive bodies are most likely of roughly pyroxenitic composition themselves, and partial melting of pyroxenite does not yield pyroxenite.) Thus the presence of large-volume, high-velocity intrusive bodies beneath hotspots would appear consistent with pyrolite melting models for mantle plumes, but not with the notion of plume magmas being dominated by partial melting of ubiquitous blobs of pyroxenite.
Conclusions
[38] Evidence from seismic imaging of the crust and uppermost mantle beneath hotspot tracks shows that high-velocity (ultramafic) intrusive bodies at the crust/mantle interface are a ubiquitous feature of hotspot magmatism formed at mature oceanic lithosphere. By contrast, the seismic evidence indicates that thickened crust at hotspot tracks formed in near-ridge (thin lithosphere) environments is largely gabbroic in composition. These observations are straightforwardly understood in terms of pyrolite melting models, wherein higher pressure melting beneath mature lithosphere generates ultramafic primary melts that must undergo extensive crystal fractionation at a density trap in the lowermost crust before leading to largely basaltic eruptions at the surface. For effectively zero-age ambient lithosphere, the melt products are, naturally, similar to the basaltic/gabbroic compositions of mid-ocean ridges that are produced in lower pressure melting environments. The fact that the bulk of hostpot lavas are basaltic in composition is thus primarily a consequence of the Moho density filter formed at normal midocean ridges, with the necessary fractionation of primarily olivine and pyroxene for mature lithospheric environments evident in the deep crustal high-velocity bodies imaged beneath hotspots such as Hawaii, Marquesas, and La Reunion. An important modeling result is the discovery of an anomalously steep increase in the seismic velocity and density of crystallized melt products as melting pressure increases through the critical range of 0.6-1.5 GPa, implying a strong filtering process on primary melt composition as the oceanic lithosphere increases in thickness from~20-40 km. An alternative hotspot model that invokes melting of ubiquitous pyroxenitic blobs does not offer an obvious explanation for the seismic observations we have summarized.
